In Alloy 718, a sharp transition exists in the fracture path changing from an intergranular brittle mode to a transgranular ductile mode which is associated with a transition of flow behavior from smooth in the dynamic strain aging regime to a serrated one in the Portevin-Le Chatelier (PLC) regime. In order to better understand both deformation and rupture behavior, PLC phenomenon in a precipitation-hardened nickel-base superalloy was carefully investigated in a wide range of temperatures [573 K to 973 K (300°C to 700°C)] and strain rates (10 À5 to 3.2 9 10 À2 s À1 ). Distinction was made between two PLC domains characterized by different evolutions of the critical strain to the onset of the first serration namely normal and inverse behavior. The apparent activation energies associated with both domains were determined using different methods. Results showed that normal and inverse behavior domains are related to dynamic interaction of dislocations with, respectively, interstitial and substitutional solutes atoms. This analysis confirms that normal PLC regime may be associated to the diffusion of carbon atoms, whereas the substitutional species involves in the inverse regime is discussed with an emphasis on the role of Nb and Mo.
I. INTRODUCTION
ALLOY 718 is a widely used superalloy for high performance applications because of its excellent mechanical properties over a wide range of temperatures. Nevertheless, alloy 718 is also well known to be sensitive to intergranular stress crack growth. [1, 2] This sensitivity to stress corrosion cracking has been observed for various simulated in service conditions for different types of applications (including nuclear power plants and aeronautical industries). [3, 4] It was shown that the damaging mechanisms encountered in pressurized water reactors [623 K (350°C) in water] are similar to the ones found at higher temperature under air [923 K (650°C) in air]. [5] Alloy 718 also exhibits dynamic strain aging (DSA) phenomenon [6] [7] [8] [9] [10] related to dynamic interactions between mobile solute atoms and the moving dislocations. Within a limited domain of the temperature vs strain rate plane, this DSA results in plastic instabilities called Portevin-Le Chatelier effect, which may often be revealed by the occurrence of serrations on the tensile curve. Despite the fact that PLC domain is obviously a sub-domain of DSA phenomenon, for sake of simplicity we will denote throughout this paper ''PLC'' the temperature and strain rate ranges in which the plastic instabilities occur and ''DSA'' the domain without instabilities. Fournier et al., [11] while studying the effect of oxidation on the mechanical behavior of alloy 718 for temperatures ranging from 673 K to 873 K (400°C to 600°C) and at a strain rate of 5 9 10 À7 s À1 , showed that the occurrence of PLC phenomenon during tensile test systematically resulted in the absence of brittle area on the fracture surface of the samples. By contrast when the stress-strain curves are smooth intergranular cracking areas were always observed on the fracture surface. This finding was further confirmed by Garat et al. [12] for tensile tests in air at temperatures higher than 673 K (400°C) and over a wide range of strain rates (10 À5 to 10 À3 s À1 ). These authors showed that the fracture mode domain (intergranular or not) and the deformation mode domain (smooth or serrated) superimpose in the strain rate vs temperature plane. The first explanations for such an observation mainly considered the mechanical aspect of the PLC phenomenon. However, the phenomena like the DSA/PLC deformation modes obviously include a ''chemical'' aspect. For instance Ter-Ovanessian et al. [13] evidenced the displacement of PLC domain and the rupture mode domain in the temperature-strain rate plane caused by the diminution of interstitial content of the same heat of alloy 718. These experimental results lead to consider the possibility of a coupling between chemical aspects and mechanical behavior as a possible contribution to explain the relation between rupture mode and deformation mode. In other words, the possible enrichment of grain boundaries during plastic deformation by solute elements that may increase the sensitivity of the material to intergranular cracking has been considered. This enrichment is supposed to occur by transport of solute species by the dislocations responsible for the plastic deformation in the DSA regime. In this view, a study of the dynamic interactions between solute species and mobile dislocations in the alloy is a good way to access to information about which species are implied. This is the reason why a study of inhomogeneous plastic deformation in alloy 718 was carried out by means of tensile tests.
Inhomogeneous plastic deformation appears in interstitial and substitutional alloys over a wide range of temperatures and strain rates. This phenomenon, also called PLC effect, serrated yielding or jerky flow, has been extensively studied in a great variety of alloys, as reviewed in Reference 14 This plastic behavior is a specific manifestation of the DSA phenomenon which is characterized by sudden stress drops on the plastic part of stress-strain curves called serrations. Since the works of Cottrell, [15, 16] the most commonly accepted explanation for this phenomenon lies in the dynamic interaction between diffusing solute atomic species and mobile dislocations during plastic deformation.
Nickel-based superalloys are subject to DSA phenomena, which include, over wide ranges of temperatures and strain rates, the occurrence of PLC effect. Indeed, serrated curves have already been observed and studied in Waspaloy, [6, 17] alloy 625, [18, 19] Udimet 720, [20, 21] Inconel 738, [22] and alloy 718. [6, [8] [9] [10] The purpose of this paper is to report and share some of the results on the serrated yielding in Alloy 718 in the temperature range 573 K to 973 K (300°C to 700°C) and the strain rate range 10 À5 to 3.2 9 10 À2 s À1 . The results are discussed with respect to other studies on the alloy.
II. EXPERIMENTAL
Alloy 718 used in the present study was provided in the form of single coil of rolled thin strip (0.64 mm thick) in the solutionized state. The alloy exhibited an homogeneous equiaxed grain structure with mean grain size around 15 to 20 lm. Tensile specimens with gage dimensions 20 9 3.3 9 0.64 mm 3 were cut by laser beam machining. The samples were sealed in Fe-CrAl-Y wraps and aged under a vacuum of 5 9 10 À5 mbar following the conventional aeronautical heat treatment: 993 K (720°C)-8 h/893 K (620°C)-8 h. The edges of the gage lengths of the samples were then mechanically milled by 0.15 mm on each side in order to remove the laser cut heat-affected zone. The final gage dimensions were 20 9 3.0 9 0.64 mm 3 . The specimens were tensile tested in air on a screw driven MTS testing machine at constant crosshead velocities corresponding to initial strain rates in the range 10 À5 to 3.2 9 10 À2 s À1 . The deformation of the sample was measured via laser extensometer. The heating of sample was achieved by a radiation furnace. The temperature on the gage length of the samples was controlled precisely by two K type thermocouples. The specimens were held at the testing temperature 10 minutes before starting the tensile test. The range of temperatures tested was 573 K to 973 K (300°C to 700°C). Microstructures and rupture surfaces were characterized by scanning electron microscopy (SEM).
Tensile tests have been carried out on a model alloy without Nb (Alloy 718-Nb). The last elaboration steps of this model alloy consisted in cold rolling down to 0.5 mm thickness and re-crystallization at 1323 K (1050°C) for 40 seconds, resulting in an equiaxed grain structure. The grains population is not perfectly homogeneous, but the average grain size range from 15 to 30 lm. Tensile specimens with gage dimensions 20 9 3.3 9 0.5 mm 2 were electro discharge machined. Their edges were finally milled by 0.15 mm on each side to remove the heat-affected zone. The final gage dimensions were 20 9 3.0 9 0.5 mm 3 . All tensile specimens were mechanically milled until grade 1200 SiC paper on each surface. The global chemical composition of the alloy as determined by glow discharge mass spectrometry (GDMS)/interstitial gas analysis (IGA) is given in Table I .
III. RESULTS

A. Microstructure
Alloy 718 in the field of the present study is a rolled nickel-based superalloy strengthened by precipitation hardening of c¢-Ni 3 (Ti, Al) and c¢¢-Ni 3 Nb phases, and, to a lesser extent, by solid solution hardening. The microstructure of the alloy after the standard aeronautical heat treatment consists in a c-Ni matrix strengthened by a fine distribution of disk-shaped c¢¢-Ni 3 Nb and spherical c¢-Ni 3 (Ti,Al) with a total volume fraction of all precipitates around 16 pct. The major strengthening effect is provided by c¢¢ (80 to 90 pct), which average diameter is generally about 50 nm. The alloy contains also carbide type precipitates dispersed in the matrix or aligned in the rolling direction. As expected following the standard aeronautical heat treatment, the stable Ni 3 Nb d phase could not be detected. Typical microstructure exhibiting equiaxed fully re-crystallized fine grains is shown on Figure 1(a) .
The typical microstructure of alloy 718-Nb is shown on Figure 1(b) . Alloy 718-Nb has been used in the present study in a solid solution state, as the absence of Nb prevents it from developing c¢¢ precipitation, which makes it only comparable with solid solution alloy 718.
B. Experimental Results
True stress-true strain curves were obtained for the specimens of alloy 718 tested in the temperature range of 573 K to 973 K (300°C to 700°C) and the strain rate range of 10 À5 to 3.2 9 10 À2 s À1 . Depending on the temperature and the strain rate of the tensile test, the stress-strain curves were either smooth or exhibited serrations. Examples of true stress-true strain curves obtained at _ e ¼ 3:2 Â 10 À4 s À1 for different temperatures are presented in Figure 2 . As was observed in previous studies, [11] [12] [13] fracture surface of specimens exhibiting smooth tensile curve present a partly intergranular brittle characteristics, whereas in the case of tensile test with serrations, the fracture surface is entirely transgranular ductile, as illustrated in Figure 3 .
The gathered data first allow drawing the map shown in Figure 4 , representing in the strain rate vs temperature plane the locus of PLC and non PLC (DSA) domains. The SEM observations of the fracture surfaces of the specimens for each tensile test allowed to estimate the ratio of intergranular brittle area over the transgranular area. These surface fraction values were reported as numbers (in pct) next to the points in Figure 4 . All the tests corresponding to the PLC domain exhibit purely transgranular fracture surface so that the intergranular area proportion was zero, and this was not indicated close to the corresponding points (open circles) in Figure 4 . This plot confirms the coincidence between the deformation regime and rupture mode.
In addition, the plastic strain onset e c for which the first serration occurs was systematically measured. For a given strain rate, the value of e c evolves when the test temperature varies. When the e c values decrease with increasing of tensile test temperature, this is called the ''normal'' behavior. By contrast, when the values of e c increase with increasing temperature, the behavior is called ''inverse.'' These two trends of the evolution of the plastic strain onset to the first serration e c are illustrated by Figure 5 . The temperature of the transition from normal to inverse behavior of e c evolves as a function of strain rate.
The experimental data have been plotted on ln _ e vs 1=T and ln e c vs 1=T diagrams for a better view on the domains of existence of PLC effect, and normal/ inverse behavior, as shown, respectively, in Figures 4 and 5.
IV. RESULTS ANALYSIS
Various methods have been used in this study to estimate the apparent activation energies of PLC effects in normal and inverse domains that have been widely used and described in other studies; see for instance. [9, 17, 23, 24] A. Arrhenius Method
The temperature and the strain rate dependence of the occurrence of serrated flow are linked by an Arrheniuslike relationship:
where Q is the activation energy, R is the gas constant, and T is the temperature. The slope of the boundary between the domains of the absence and occurrence of PLC effect on a log _ e ð Þ vs 1=T plot is linked to the value of Q dis by the relationship Q dis ¼ À1= log e ð Þ Â slope Â R. Such a representation is shown on Figure 4 by the solid line.
This representation of DSA and PLC domains leads to an apparent activation energy 320 kJ/mol for the boundary between DSA and PLC occurrence domain. The activation energy calculated for the disappearance Q dis of serrated flow at high test temperature is often considered to be the sum of the activation energy for diffusion of the solute species Q and a quantity linked to the binding energy of solute to dislocation; W, as defined by Cottrell and Bilby [15, 25] :
in which ¼ r s Àr r ; G the shear modulus, m the Poisson ratio, r s the solute radius, and r the nickel radius. For further calculations of W, we used an average shear modulus on the range of temperatures, " G ¼ 67 GPa, Poisson ratio m = 0.3, and the data for atomic radii of nickel and the different substitutional solute elements constitutive of the alloy that were taken from Reference 26. Hence, the binding energy of the different solutes to dislocations, W, is ranging from 0.4 to 28.8 kJ/mol. Considering the works from Louat [27] who has shown that the slope of the boundary of disappearance of instabilities on a (ln _ e; 1=T) diagram is Q dis ¼ Q þ 3 2 W, we obtain an activation energy range for the diffusion of the atomic element involved in this domain of PLC effect which is 277 to 320 kJ/mol. The representation of the frontier between normal and inverse behaviors of e c may give information about the transition in mechanisms involved in the serrated flow phenomena. The apparent activation energy obtained from the slope of the dashed line separating normal and inverse PLC domain is about 109 kJ/mol. This energy which corre- sponds to the transition between two heat-activated mechanisms might be a weighted average value of the activation energies for diffusion of the species involved in both domain of PLC effect.
B. Critical Strain Method
The investigations around serrated flow suggest that the measurement of the critical strain for the onset of serrations, and its dependence on strain rate and temperature is an important parameter for the apparent activation energy calculation. This dependence can by expressed by [28] The following two methods for calculating the apparent activation energies of the PLC effect involve determining first the ðm þ bÞ exponents of Eq. [3] . The exponents ðm þ bÞ can be obtained measuring the slope of a plot of log _ e ð Þ vs logðe c Þ at constant temperature. Such a plot is presented in Figure 6 . Table II gives [29] Nevertheless
Considering Eq. [3] , the slope of a plot ln e c ð Þ vs 1=T at constant _ e permits to obtain a value of Q, as
This method involves using an average value of (m + b) over a range of _ e and T values. Different ranges of temperatures were chosen corresponding to different (m + b) average values. The plot used to calculate these slopes is shown in Figure 5 .
The results of activation energies obtained by this method in the domain of normal behavior of e c are between 43 and 102 kJ/mol. The same method has been applied in order to determine activation energies in the domain of inverse behavior. The activation energies obtained in this domain are between 177 and 277 kJ/ mol. The scatter of activation energies values obtained in both normal and inverse domains of evolution of e c is quite strong. This is the reason why other methods for the determination of Q have been used to evaluate the effective activation energies for the mechanisms involved in serrated flow in both domains.
C. McCormick Method
Another method often used for the determination of activation energies of the PLC effect is the quasi-static aging model developed by McCormick, [30] described by
where C 0 is the initial concentration of the solute in the alloy, C 1 is the local concentration of the solute nearby the dislocation, L is the obstacle spacing, W is the maximum solute-dislocation interaction energy, D 0 is the diffusion frequency factor, b is the Burger's vector, and N is a constant. Using the previous equation, Chaturvedi and Kim [18] have evaluated Q for given _ e values from the slope of the plot ln e
This method has been applied in the present study for different strain rate values in the normal and inverse domains. Whereas this method would allow using individual values of (m + b) exponents for each _ e; T ð Þ couple, the scatter of the exponents determined in the present study lead to use average (m + b) values over different temperature ranges. The plots used to determine these activation energies are shown in Figure 7 .
The activation energies obtained via this method gives values that are 66 to 162 kJ/mol in the normal domain and 120 to 223 kJ/mol in the inverse domain.
D. Intercept Method
In their works on DSA in a Cu-Sn alloy, Qian and Reed-Hill [31] suggested that the methods of determination of the activation energy based on Cottrell and McCormick models require unverifiable assumptions on the evolution of e c with dislocations density and vacancies concentration during plastic deformation. This is why they proposed a method to determine the apparent activation energy for PLC effect at given e c . This method can be called the intercept method. From the plots ln _ e ð Þ vs lnðe c Þ (Figure 6 ) at various temperatures, different levels of critical strain as a function of _ e; T ð Þ couples can be obtained. Reporting these values on a ln _ e ð Þ vs 1=T diagram for different critical strain levels generates a set of lines, which slopes are linked to the value of Q by the relationship Q ¼ slope Â R. [23] One of the interests of this method is that it does not involve the use of (m + b). The couples _ e; T ð Þ generating a given e c have been determined and plotted on a ln _ e ð Þ vs 1=T diagram, as shown on Figure 8 .
This method was applied to determine the apparent activation energies for each domain. The values of activation energies obtained by the intercept method are of 85 to 114 kJ/mol for the PLC effect in the normal domain, and 244 to 248 kJ/mol in the inverse domain.
E. Serration Amplitude Method
Hayes and Hayes, [17] as well as Pink and Grinberg, [24, 32] also suggested that Q can be obtained from load drops measurement. The stress drop accompanying serrated flow is measured at a given strain for a range of _ e and T, and is reported on a Dr ¼ fð_ eÞ plot for different temperature values. A constant value of Dr is then selected from which the corresponding _ e is determined for each temperature. The resulting _ e; T ð Þ couples are then reported on an _ e ¼ f 1=T ð Þ plot. Q is determined from the slope of this plot, as Q ¼ À1= log e ð ÞÂ slope Â R In this method, an average value of the amplitude of the stress drop has to be measured for each tensile test from the true stress-true strain curve at a constant plastic strain value, which was set to e p ¼ 5 pct in the present study. The evolution of 5 pct plastic strain-stress drops amplitude as a function of _ e is plotted on Figure 9 , for different temperatures.
This method consists then in determining the couples _ e; T ð Þ generating some arbitrarily chosen magnitudes of stress drops. The chosen stress drops values have been 40 and 50 MPa for inverse domain and 15 and 20 MPa for the normal domain. The corresponding _ e; T ð Þ couples have then been plotted on a log _ e ð Þ vs 1=T diagram shown in Figure 10 . The values obtained for the activation energies are about 71 to 89 kJ/mol for the normal domain and 110 to 124 kJ/mol for the inverse domain. Table III summarizes the results of the calculations of activation energies by the different methods previously presented. The apparent activation energies calculated in both domains are rather dispersed, but an obvious difference appears when considering a representative value of Q for each domain. It is thus considered that in the normal domain, a representative range of apparent activation energies for the occurrence of PLC effect is 80 to 100 kJ/mol, while in the inverse domain, the range is approximately 200 to 280 kJ/mol.
V. DISCUSSION
A. Preliminary Considerations
Before discussing the results obtained in the present study, it must be emphasized that the PLC phenomenon effects on the macroscopic tensile curve may strongly depend on the metallurgical state of the 718 alloy. In the present study, the alloy 718 had been aged following the conventional aeronautical route: solutionning and aging at 993 K (720°C)/8 h and 893 K (620°C)/8 h. The corresponding microstructure consists in a very fine c¢ and c¢¢ precipitation and nearly no d precipitate. [12] This microstructure corresponds, regarding the denomination used in other PLC studies of alloy 718, to an underaged metallurgical state.
The numerous tensile tests performed allowed to draw quite accurately on a strain rate-inverse temperature planes the boundaries for the occurrence domain of PLC serrations. Additionally, this PLC domain could be shared between normal and inverse behavior for the evolution of the critical strain to the onset of the serrations. From this map, various methods were employed to calculate the apparent activation energies of the mechanisms involved in both normal and inverse PLC regimes. Representative values of apparent activation energies obtained in this study are approximately 80-100 kJ/mol for the low temperature (normal) PLC effect, and 200 to 280 kJ/mol for the high temperature (inverse) PLC effect, which is fully consistent with previous studies on the alloy. [6, 9, 10] B. Identification of Solute Elements Involved in DSA A common way to try identifying the solute species involved in the occurrence of the PLC effects is to compare the calculated apparent activation energies in each domain with the activation energies for the diffusion of various solute species in the alloy. An abundant literature on diffusion data of various species in Ni and Ni-based alloys exists. The reader may refer to the following papers for diffusion data. [9, [33] [34] [35] The comparison of these values with the apparent activation energies for PLC effect determined by various methods in this study is consistent with what has been published by different authors for this alloy.
Concerning low temperature PLC effect, activation energy is of the order of 80-100 kJ/mol which is comparable to the activation energies for lattice and pipe diffusion of C atoms in Ni-based alloys. The origin of the low temperature PLC effect seems to be well accepted by the community: indeed, since the works from Nakada and Keh [36] on binary Ni-C alloys and those from Blakemore, [37] a general consensus have imposed concerning the origin of low temperature PLC effect in most Ni-based alloys and superalloys. Low temperature PLC effect is attributed to the interaction between carbon atmosphere and mobile dislocations during plastic deformation in alloy 718 as assumed by, Hayes, [6] Chen and Chaturvedi, [8] Hale et al., [9] Nalawade et al., [10] and in other Ni-based alloys see e.g., Hrutkay and Kaoumi. [38] Regarding high temperature PLC effect, the value of activation energy determined in this study is 200 to 280 kJ/mol. This energy range fits pretty well with the diffusion energy of the main substitutional solute species in alloy 718 (Cr, Fe, Mo, and Nb) according to previous experimental results [9] (see also a review in Reference 39) or calculated values. [40] Indeed, the occurrence of jerky flow has been ascribed to the effect of Cr, [9] Nb [6, 10] in alloy 718, and to Mo [18] in an alloy 625. However, following considerations of Cottrell's work, [6, 10] the occurrence of jerky flow is related to diffusion energy, but also to solute-dislocation binding energy W. This later value being directly linked to solute vs matrix atom sizes (see Eq. [2] ). Consequently, most attention is paid on the role of Nb and Mo, which were shown to most expand the Ni cell size. [41] Hayes [6] attributed high temperature PLC phenomenon to the effect of Nb, proposing that the disappearance of serrations at high strains results from the solutes depletion of the dislocations atmospheres by the formation of NbC fine clusters during plastic deformation. More recently, Nalawade et al. [10] compared the serrated behavior of alloy 718 for different metallurgical states. In particular, they observed that the temperature for the PLC to DSA transition is higher for solid solution treated alloy [973 K (700°C)] as compared to the temperature for either c¢¢ or d precipitates states [823 K (550°C)]. They concluded that the PLC domain is extended toward high temperatures with the increase of solute Nb atoms. The high temperature PLC effect in alloy 718 was thus attributed to the interaction between Nb and mobile dislocations. Moreover, based on the 3D atom probe tomography results from Miller et al. [42] Nalawade et al. [10] ruled out the possibility that Mo might be responsible for high temperature jerky flow. In order to evaluate the effect of Nb on the serrated behavior of alloy 718, we carried out tensile tests on a model alloy 718-like but without Nb (Alloy 718-Nb), which composition is given in Table I . This alloy is in a solid solution state and was tensile tested in a domain of temperatures and strain rates where high temperature PLC effect can occur [i.e., 923 K (650°C)/10 À4 s À1 ]. These tensile tests exhibited serrated flow that extends over more than 10 pct plastic strain despite the alloy is niobium-free, as shown on Figure 11 . This experimental result shows that plastic flow instabilities can occur in the solid solution state of the alloy without Nb. This means that Nb cannot be considered as the only responsible for the occurrence of PLC effect in the inverse domain for alloy 718 and thus highlights the possible role played by Mo atoms.
C. Displacement of the PLC Effect Domain
Concerning the disappearance of the PLC effect for high testing temperatures, a study carried out by TerOvanessian et al. [13] has shown that for the same heat of alloy 718, lowering the interstitials content tends to extend the PLC effect domain toward high temperatures and slow strain rates. The heat treatments applied to reduce the interstitial content [1253 K (980°C)-15 h/ 30 h] led to the precipitation of delta phase in the alloy. Nevertheless, Nalawade et al. [10] showed that delta precipitation would tend to move the DSA/PLC boundary toward lower temperature. Hence, interstitial elements, whereas they are not directly responsible for high temperature PLC effect by interacting with dislocations, seem to have a strong influence on the extent of the domain where PLC effect occurs. The fact that PLC domain extends when the interstitial content is reduced means that the breakaway of dislocations from their atmospheres occurs for higher temperature and slower strain rates, so that the atmosphere dragged behind the dislocations has a reduced mobility. This can be understood in terms of competition between solute species for forming part of the dislocation atmospheres: hence, the reduction of mobility can be due to the nature of the atmosphere, which may be constituted of heavier atomic species, mostly substitutional ones in the case of low interstitial content. On the contrary, when the interstitial content is high, the available sites in the tension stress field near the dislocation cores are fewer and less accessible to substitutional elements due to the important concentration of interstitial atomic elements that are dragged behind the mobile dislocations in this domain of temperatures and strain rates.
D. Considerations on Inverse Behavior
The existence of an inverse domain for the evolution of e c has been considered by Brechet and Estrin [43] to be the result of precipitation during plastic deformation. This phenomenon is more likely to occur during plastic deformation as diffusion is strongly enhanced in the area surrounding dislocations where the lattice is distorted. This is the reason why co-precipitation of complexes between interstitial and substitutional elements involved in both types of PLC effect, i.e., ''low temperature'' and ''high temperature,'' may be active while these species are transported in the strain field of mobile dislocations or at the forest dislocation nodes at which mobile dislocations are arrested. This formation of complexes tends to reduce the capacity of the atomic elements to move, as they become tied up together. This can explain why the behavior of e c is inverse for high testing temperatures: the complexation becoming more and more effective with temperature, the cumulated plastic strain required to form an atmosphere which average mobility is compatible with dislocations velocity increases. Hence, the occurrence of serrated flow requires more important deformation as substitutional-interstitial complexes tend to form in the early stages of the specimen straining until the atmosphere reaches a composition which enables it to diffuse with a critical velocity compatible with a dynamic interaction with mobile dislocations and the occurrence of serrated flow.
E. Relation with Intergranular Cracking
The fracture mode sharp transition previously identified in this alloy fits with the boundary between DSA and inverse behavior domain. This experimental fact might be explained as follows: Oxidation-assisted intergranular crack initiation requires a local intergranular strain rate slow enough to be compatible with intergranular oxidation process. In the case of PLC bands, the local strain rate is too high to be compatible with intergranular oxidation process so that crack initiation cannot occur. Nevertheless, it has been found in a previous study [13] that reducing the carbon content in a given heat led to a decrease of the intergranular crack initiation sensitivity of alloy 718 in this temperature range as well as a displacement of the boundary between the DSA and PLC regimes occurrence domains. Below a critical carbon content and even for slow strain rate the alloy seemed to be insensitive to the oxidation-assisted intergranular crack initiation. Thus, interactions between solute elements i.e., interstitial and substitutional, are suspected to contribute to the crack initiation process.
VI. CONCLUSIONS
The great number of mechanical tests carried out in the present study allowed to confirm that two domains of PLC instabilities, namely normal and inverse behavior of critical strain e c with temperature, can be distinguished in the investigated temperature and strain rates ranges. These two domains are characterized by significantly different apparent activation energies associated with, respectively, interstitial or substitutional solute elements interaction with mobile dislocations. Our results confirm that the interstitial species involved may be mainly carbon, whereas the substitutional atoms responsible for inverse domain are still not unambiguously determined. Indeed, we show that serrations occur even in the absence of niobium which indicates that the role of substitutional element such as molybdenum cannot be ruled out. Complementary studies based on both mechanical spectroscopy and Density Functional Theory calculations are undertaken to investigate the relevancy of this hypothesis. From a macroscopic point of view, the disappearance of oxidation-assisted intergranular cracking within the PLC domain may be associated to the highly localized strain bands generating very high local strain rate non compatible with intergranular oxidation kinetics.
